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NF-kB is activated by many stimuli and NF-kB binding sites have been identified in a
wide variety of genes. Yet, NF-kB-dependent gene expression must be stimulus- and cell-
type-specific. In others words, the cellular response to different NF-kB activating stimuli,
such as TNFa, IL-1, and LPS, must be different; and the response of different cell types,
such as lymphocytes, fibroblasts, or epithelial cells, to the same NF-kB-inducing stimulus
must also be different. Finally, kinetics of gene expression must be accounted for, so that
all NF-kB-dependent genes are not activated simultaneously even if cell type and stimulus
are constant. Here, we explore the mechanistic framework in which such regulatory
aspects of NF-kB-dependent gene expression have been analyzed because they are likely
to form the basis for physiological responses.

NF-kB was first reported in 1986 as a DNA-
binding protein that recognizes, in a DNA

sequence-specific manner, an important motif
within the intronic enhancer of the immu-
noglobulin (Ig) k light chain gene (Sen and
Baltimore 1986). NF-kB DNA-binding activity
was observed following stimulation of a pre-B
cell line and represented the first example of
inducible DNA binding as a primary response
to cell stimulation. Subsequent studies revealed
that NF-kB activity is induced in most cell
types in response to a wide variety of stimuli,
with major roles in cell activation, survival,
and differentiation (Hayden and Ghosh 2004;
Hoffmann et al. 2006; Ghosh and Hayden
2008; Vallabhapurapu and Karin 2009). In the

classical model, NF-kB is found in the cyto-
plasm of unstimulated or resting cells in asso-
ciation with an inhibitory IkB protein. In
response to cell stimulation, IkB is phosphor-
ylated, ubiquitinated, and degraded, freeing
NF-kB to translocate to the nucleus, bind its
recognition sites in promoters and enhancers,
and activate gene transcription.

Although this classical model of NF-kB has
been well-documented and widely discussed,
it has long been known that NF-kB function
and regulation involves considerable complex-
ity and diversity. This complexity and diversity,
which are thought to be important for facili-
tating the differential and highly selective regu-
lation of NF-kB target genes, are apparent at
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a number of levels, beginning with the existence
of multiple NF-kB family members (Ghosh
et al. 1998). Most vertebrates that have been
studied contain five genes encoding the NF-
kB family members RelA (p65), c-Rel, RelB,
p50, and p52. These family members can bind
DNA in a variety of heterodimeric species
and all but RelB can bind as homodimers.
The=existence of multiple family members
and numerous dimeric species provides strate-
gies for the selective regulation of target genes
through differential expression of specific
family members and dimeric species, differen-
tial DNA recognition, and differential transac-
tivation mechanisms.

A second level of complexity arises from the
existence of carboxy-terminal ankyrin repeat
domains within the p105 and p100 precur-
sors of p50 and p52, respectively. The ankyrin
repeats are often removed immediately by
proteolytic processing, but they are retained
in a subset of stable dimers in the cytoplasm,
providing an opportunity to regulate NF-kB
activity via the regulation of proteolytic proces-
sing (Ghosh et al. 1998; Hoffmann et al. 2006;
Ghosh and Hayden 2008; Vallabhapurapu and
Karin 2009). The existence of multiple IkB pro-
teins in vertebrates provides a third level of com-
plexity. A primary function of classical IkBs is to
sequester NF-kB dimers in the cytoplasm, but
other IkBs appear to regulate NF-kB activity
in the nucleus by functioning as transcriptional
coregulators (Ghosh and Hayden 2008).

Although the existence of multiple NF-kB
and IkB family members with variable proper-
ties provides intrinsic mechanisms for facilitat-
ing the selective regulation of NF-kB target
genes, selectivity is further achieved through ex-
trinsic mechanisms. In particular, variations in
the kinetics of NF-kB activation can strongly
influence target gene selection in response to a
stimulus. In addition, the differential organiza-
tion of chromatin at NF-kB target genes can
regulate susceptibility to activation by NF-kB
complexes (Natoli et al. 2006; Natoli 2009). The
developmental history of a cell can further dictate
which target genes are susceptible to activation,
because of differences in chromatin structure
established during development and differences

in the expression of other transcription factors
and coregulatory proteins that influence the
expression of NF-kB target genes. Together,
these intrinsic and extrinsic mechanisms allow
NF-kB to regulate distinct but often overlap-
ping sets of genes in different cell types and in
response to different stimuli.

In this article, we highlight progress to-
ward understanding the mechanisms by which
the selective regulation of NF-kB target genes
can be achieved. Rather than attempting to
summarize the enormous body of literature
relevant to this topic, we instead focus on a
few key topics and on specific challenges that
must be overcome to fully understand the
determinants of selectivity. A primary focus is
on the mechanisms by which closely related
NF-kB family members and differences in
the duration of activation can contribute to
selectivity.

TARGET GENE SELECTIVITY OF DISTINCT
NF-kB DIMERS

One fundamental contributor to the selecti-
vity of an NF-kB response is the regulation of
distinct sets of target genes by different NF-
kB heterodimeric and homodimeric species
(Fig. 1). The variable phenotypes of mice
lacking different NF-kB family members pro-
vides strong evidence that different dimers regu-
late distinct sets of genes (Gerondakis et al. 1999,
2006). Some of the phenotypic differences
observed in mice lacking specific NF-kB fam-
ily members are caused by differences in the
expression patterns of the family members.
For example, RelA appears to be ubiquitously
expressed, whereas c-Rel is largely restricted
to hematopoietic tissues (Ghosh et al. 1998;
Gerondakis et al. 1999, 2006; Hoffmann et al.
2006). Although expression differences are
important to consider, phenotypic differences
are apparent in cell types that express all family
members, such as hematopoietic cells (Geron-
dakis et al. 1999, 2006). In these cells, many
NF-kB target genes appear to be expressed
normally in the absence of individual family
members, suggestive of redundancy or com-
pensation, but some target genes show strong
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dependence on a particular family member for
expression.

The differential regulation of specific target
genes by closely related NF-kB family members
has been studied in greatest depth with RelA
and c-Rel. These two family members are of
particular interest because, in addition to the
amino-terminal Rel homology region (RHR),
which defines the NF-kB/Rel family and
consists of the DNA-binding domain and
dimerization domain, RelA and c-Rel contain
potent transactivation domains at their car-
boxyl terminus (Ghosh et al. 1998; Ghosh
and Hayden 2008; Vallabhapurapu and Karin
2009). (RelB also contains a transactivation
domain, but RelB-containing heterodimers
appear to be activated primarily by the non-
classical pathway [Vallabhapurapu and Karin
2009].) The RHRs of RelA and c-Rel are more
closely related than are the RHRs of any other
pair of NF-kB family members. Furthermore,

structural studies have revealed that the resi-
dues that contact DNA are identical in these
two family members (Chen and Ghosh 1999).
Many NF-kB target genes in nonhematopoi-
etic cell types are thought to require RelA for
activation because c-Rel is absent. However,
in hematopoietic cells that express RelA and
c-Rel homodimers, as well as various hetero-
dimeric species, both redundant and selective
functions appear to exist.

Both c-Rel- and RelA-deficient mice show
immune defects, demonstrating that the func-
tions of the two proteins are not entirely redun-
dant (Gerondakis et al. 1999, 2006). However,
considerable redundancy appears to exist, as
only a small number of NF-kB target genes
have been identified that show strong depen-
dence on either c-Rel or RelA. Microarray
experiments performed in T cells revealed only
a few genes that show strong dependence on
c-Rel, although weak dependence was broadly
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Figure 1. Mechanisms that contribute to the specificity of gene activation by NF-kB proteins. Homo-
and heterodimerization between Rel-homology region (RHR) containing proteins generates a diverse range
of kB sequence element binding proteins (top). Typically, several of these may be present in the cell nucleus
after an activating stimulus, although the composition varies according to cell type, stimulus, and duration
of signaling. The spectrum of genes activated is determined by several factors discussed in the text. (A)
Tissue- or signal-specific marking may allow NF-kB binding to some genes (top) but not others (bottom).
Gray box represents chromatin constraints that may preclude NF-kB binding. (B) The sequence of the kB
element in promoters, represented by blue and red boxes, within DNA may bind specific RHR family
proteins. (C) The same kB element (red box) may bind more than one RHR dimer under different
circumstances, leading to different transcriptional outcomes. (D) The proximity of kB elements (red box) to
other transcription factor binding sites (blue and green boxes) may differentially regulate gene expression by
combinatorial mechanisms.
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observed (Bunting et al. 2007). In murine
macrophages, Il12b and Il23a represent two of
fewer than two dozen inducible genes identi-
fied in microarray experiments that show sub-
stantially reduced expression in the absence of
c-Rel (Sanjabi et al. 2000, 2005; Carmody et al.
2007; K.J.W. and S.T.S., unpubl. data). RelA-
dependent target genes have rarely been de-
scribed in hematopoietic cells. However, one
study revealed RelA-dependence in dendritic
cells of several inflammatory cytokine genes,
including Il6 (Wang et al. 2007).

A major unanswered question is whether
genes that require either RelA or c-Rel for
expression are regulated by homodimers of
these family members or heterodimers. For
example, c-Rel-dependent genes may require
either c-Rel:c-Rel homodimers or any of a
variety of heterodimeric species, such as c-Rel:
p50 or c-Rel:p52. Because the functions of
p50 and p52 appear to be partially or largely
redundant, it is difficult to rely on analyses of
p50- or p52-deficient mice for determining
whether heterodimeric species are critical for
the activation of c-Rel-dependent genes. Il12b,
which is c-Rel-dependent, appears to be ex-
pressed normally in p502/2p522/2 mice, con-
sistent with the hypothesis that a c-Rel:c-Rel
homodimer is responsible for selective regu-
lation (Franzoso et al. 1997). However, because
mechanisms can be envisioned that compensate
for the simultaneous loss of these two family
members, additional mechanistic insights are
needed to determine whether c-Rel homo-
dimers are indeed responsible for the selective
regulation of Il12b. Unfortunately, chromatin
immunoprecipitation (ChIP) experiments may
not be informative, as both functional and non-
functional dimers may associate with a given
motif. For example, RelA, c-Rel, and p50 all
appear to associate with the Il12b promoter,
despite the c-Rel-dependence of transcription
and the evidence that p50 and p52 may play
no functional role (Sanjabi et al. 2005). These
findings illustrate the challenge of understand-
ing the selective regulation of NF-kB target
genes by distinct dimeric species.

One strategy for distinguishing between the
functions of homodimers and heterodimers may

be to analyze substitution mutations that selec-
tively disrupt the formation of homodimers or
heterodimers. Mutations in v-Rel have been
described that prevent the formation of v-
Rel:v-Rel homodimers but not v-Rel:p50 het-
erodimers (Liss and Bose 2002). Analogous
mutations in c-Rel or RelA may prove to be
highly beneficial for distinguishing the targets
of heterodimers from those of homodimers.

MECHANISMS OF TARGET GENE
SELECTIVITY BY DIFFERENT NF-kB FAMILY
MEMBERS

Although several examples of target genes that
require specific NF-kB family members have
been reported, surprisingly little is known
about the range of mechanisms by which se-
lective regulation is achieved. As mentioned
previously, the RHRs of RelA and c-Rel are
closely related but their transactivation do-
mains show little similarity. At first glance,
this observation suggests that the transacti-
vation domains are likely to be responsible
for each protein’s unique functions. However,
the transactivation domains of both c-Rel and
RelA are poorly conserved through vertebrate
evolution, suggesting that, like transactivation
domains in other transcription factors, their
mechanisms of activation may not be highly
specific. This lack of conservation is difficult
to evaluate because structural features that are
not reflected in sequence conservation may be
conserved through evolution and may support
highly specific protein–protein interactions.
A number of post-translational modifications
have been reported within the transactiva-
tion domains of both RelA and c-Rel, but the
relevance of these modifications for the se-
lective functions of the proteins have been
examined in physiological assays in only a few
instances.

One post-translational modification of RelA
that has been examined extensively is the phos-
phorylation of serine 276 (S276) (Zhong et al.
1998, 2002; Dong et al. 2008). However, this
residue is located within the RHR rather than
the transactivation domain. Susceptibility to
S276 phosphorylation is influenced by the
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RelA transactivation domain. S276 phosphory-
lation leads to the recruitment of the p300
coactivator, which is necessary for the activation
of a subset of NF-kB target genes (Zhong et al.
1998, 2002). Interestingly, although the S276
residue is conserved in c-Rel, p300 overex-
pression does not enhance the transactivation
capacity of c-Rel, in contrast to the strong
enhancement observed with RelA (Wang et al.
2007). Indeed, an analysis of RelA-dependent
genes expressed in dendritic cells suggested that
the RelA requirement was because of RelA’s uni-
que ability to associate with p300 (Wang et al.
2007). Thus, genes that require the function of
the p300 coactivator for their expression may
show a selective requirement for RelA-contain-
ing dimers.

Although differential interactions with co-
regulatory proteins may contribute to target
gene selectivity of RelA and c-Rel, differences
in binding properties may be of equal impor-
tance. Although the RHRs of RelA and c-Rel
are highly conserved, and although the residues
that contact DNA are identical, critical differ-
ences in binding properties appear to exist.
Surprisingly, however, knowledge of these dif-
ferences and of their functional relevance is
limited. One major reason for our limited
knowledge is that detailed studies of the range
of potential recognition sites for each dimeric
species have not been performed. A second
reason is that the studies that have been
completed suggest that, although recognition
sequence differences can be identified, the
differences are subtle and quantitative. A third
and final reason for our limited knowledge is
that it is very difficult to determine which of
the many DNA motifs capable of binding each
dimer with a range of affinities can support
the regulation of endogenous target genes.

Remarkably, one of the only studies to char-
acterize consensus DNA recognition motifs for
NF-kB dimers was published almost two dec-
ades ago (Kunsch et al. 1992). In this study,
an in vitro binding site selection analysis was
performed to identify preferred recognition
sequences for p50:p50, RelA:RelA, and c-Rel:c-
Rel dimers. Fewer than two dozen high-affinity
recognition sequences were described for each

complex, revealing considerable similarity, but
with clear differences. In particular, a few of
the sequences that stably associated with c-
Rel:c-Rel dimers were unable to bind to either
RelA:RelA or p50:p50 dimers in electrophoretic
mobility shift assays (EMSAs).

Although these results raised the possibility
that c-Rel:c-Rel dimers may selectively bind
some DNA motifs and selectively regulate target
genes containing these motifs, these initial find-
ings have not been significantly extended since
their publication in 1992. In particular, com-
parable studies of multiple heterodimeric spe-
cies have not been performed and detailed
studies examining the precise binding affinities
of homodimers and heterodimers for a range of
sequences (in side-by-side experiments) have not
been performed. Knowledge of binding affini-
ties would not by itself reveal the degree to
which selective binding can contribute to the
selective regulation of target genes by various
NF-kB dimers, but this knowledge would rep-
resent a critical step toward this goal. It is
important to add that, although biochemical
experiments can be used to identify intrinsic
preferences, NF-kB, like most transcription
factors, has the potential to bind DNA coopera-
tively with other factors. Cooperative binding
can lead to functional activity at low affinity
sites, because the specificity and affinity of the
NF-kB-DNA interaction can be enhanced by
the binding partner.

As an alternative strategy for understanding
the selective regulation of NF-kB target genes,
one of our laboratories analyzed c-Rel/RelA
chimeric proteins to identify the residues of
c-Rel that are responsible for its unique ability
to activate the endogenous Il12b gene in LPS-
stimulated murine macrophages (Sanjabi et al.
2005). By using retroviral vectors to express a
series of chimeric proteins in c-Rel2/2 macro-
phages, an 86-residue region of the c-Rel RHR
was found to be sufficient for rescuing Il12b
activation when inserted in place of the corre-
sponding residues of RelA. DNA-binding analy-
sis of these chimeric proteins revealed that this
86-residue region, which contains only 46
residues that differ between RelA and c-Rel, is
responsible for the ability of c-Rel homodimers
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to bind with high affinity to a broader range
of nonconsensus NF-kB recognition sequences
than RelA homodimers, consistent with the
earlier studies of Kunsch et al. (1992). Thus,
these results provide strong evidence that differ-
ential DNA binding plays a major role in the
selective activation of Il12b by c-Rel. Impor-
tantly, no other regions of c-Rel were important
for Il12b activation in the chimeric protein
analysis, suggesting that the unique DNA-
binding properties of c-Rel may be solely re-
sponsible for the selective activation of at least
one c-Rel target gene.

Another mechanism of selective regulation
by different NF-kB family members emerged
from the initial observation that NF-kB re-
cognition sequences in specific promoters are
strictly conserved through evolution, despite
evidence that nucleotide substitutions could
easily be tolerated while maintaining high-
affinity binding (Leung et al. 2004). Further-
more, the NF-kB recognition sites were often
found in pairs within promoters. Dependence
versus independence on the p50 or p52 sub-
units of NF-kB, as shown by an analysis of
p502/2p522/2 MEFs, revealed that subunit
dependence was dictated by the specific recog-
nition sequences and by cooperation between
the pairs of sites. Most significantly, alterations
in the highly conserved nucleotides within these
DNA motifs altered subunit dependence, but
apparently without altering binding affinity.
Instead, the different recognition sequences
and pairs of recognition sequences varied in
their responsiveness to specific coactivator pro-
teins. Although much remains to be learned
about the mechanisms by which different NF-
kB dimers, recognition sequences, and coactiva-
tor proteins can contribute to selectivity of the
NF-kB response, this study illustrates the
degree of complexity that is likely to be involved.

DURATION OF NF-kB ACTIVATION

The preceding sections focused on the mecha-
nisms by which the differential expression pat-
terns of NF-kB family members, as well as their
variable binding and transactivation proper-
ties, may contribute to the selective regulation

of NF-kB target genes. Another fundamental
regulatory feature of NF-kB activation via the
canonical pathway is its transience. The dur-
ation of NF-kB activation may contribute to
the selectivity of the transcriptional response
by dictating which other factors can cooperate
with NF-kB to activate gene transcription, by
regulating the relative levels of different NF-kB
proteins, and by changes in association with
transcriptional coactivators and corepressors
(Fig. 2). NF-kB duration may also regulate
physiological responses by maintaining cell
viability or cytokine and chemokine gene ex-
pression. Thus, the kinetics of NF-kB activation
and inactivation is a central regulator of its func-
tion. Several pathways contribute to transient
NF-kB activation, as discussed below.

IkB-dependent Export

One major pathway is via nuclear export of
IkBa and IkB1-associated nuclear proteins.
IkBa and IkB1 are NF-kB target genes that are
rapidly activated at the transcriptional level in
response to NF-kB induction in all cell types
tested. This leads to de novo IkBa and IkB1
protein synthesis to replenish IkBs degraded in
response to the NF-kB-inducing stimulus.
Newly synthesized IkB proteins translocate to
the nucleus, associate with nuclear NF-kB pro-
teins, and export the transcription factors to the
cytoplasm via nuclear export sequences present
at their amino-termini (Tam et al. 2000; Huang
and Miyamoto 2001; Johnson et al. 1999;
Kearns et al. 2006). Early observations that
IkBa can disrupt DNA-bound NF-kB com-
plexes in vitro suggested that this mechanism
may apply to promoter-bound NF-kB in the
nucleus (Zabel and Baeuerle 1990). Although
disruption of promoter complexes would be
sufficient to stop NF-kB-dependent transcrip-
tion, it is believed that nuclear export serves
the essential function of recreating a pool of
cytoplasmic NF-kB/IkB complexes to respond
to ongoing or subsequent stimuli.

Three aspects of IkB-dependent transcrip-
tion termination are noteworthy with respect
to the selectivity issue. First, IkBa gene tran-
scription precedes IkB1 transcription (Kearns
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et al. 2006); therefore, IkBa protein is resynthe-
sized first and is likely to be the major player in
NF-kB down-regulation. However, the kinetics
of IkBa and IkB1 synthesis may vary depending
on the cell type and stimulus, and should there-
fore be evaluated in specific circumstances.
Second, IkBb does not contain a nuclear ex-
port sequence (NES) and has been proposed
to be the only IkB that truly sequesters NF-kB
in the cytosol (Tam and Sen 2001). However,
newly synthesized IkBb can translocate to the
nucleus and associate with promoter-bound

NF-kB proteins without disrupting DNA-
protein interactions (Suyang et al. 1996). This
mechanism has been proposed to “protect”
DNA-bound NF-kB from IkBa-mediated dis-
ruption, thereby prolonging NF-kB-dependent
gene expression. Third, acetylation of RelA by
CBP/p300 complexes has been shown to pre-
vent IkBa association, and thereby proposed
to extend the duration of functional RelA
complexes on some promoters (Chen et al.
2001; Chen et al. 2002; Kiernan et al. 2003).
However, the proportion of RelA that gets
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Figure 2. Mechanisms that regulate duration of NF-kB activation. NF-kB activation via the classical pathway is
initiated by degradation of IkB protein (cytosol center), resulting in NF-kB (schematized by a p50/RelA
heterodimer here, but could involve many of the homo-/heterodimeric pairs shown in Fig. 1) translocation
to the nucleus and gene activation after DNA binding. Mechanisms summarized within the blue box reduce
the duration of NF-kB-mediated gene expression. (A) Newly synthesized IkB proteins can remove DNA-
bound NF-kB and export the complex out to the cytosol; (B) post-translational modifications of RelA, such as
methylation and phosphorylation, can target it for proteasome-mediated degradation within the nucleus. The
fate of the heterodimeric partner in the complex is not known; (C) transcription-activating heterodimers
(such as p50/RelA or p50/c-Rel) can be replaced by p50 homodimers that have been implicated in repressing
transcription (note however, that there is also evidence that p50 homodimers may activate transcription in
association with nonclassical IkB-like proteins such as Bcl3 and IkBj). Mechanisms summarized in the red
box can extend the duration of NF-kB-mediated gene expression. (D) De novo c-Rel gene transcription and
translation can lead to long-term induction of c-Rel-containing heterodimers, and (E) NF-kB target genes
such as TNFa (green hexagon) activated during the initial stimulus may feed back in an autocrine fashion to
maintain nuclear NF-kB.
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acetylated is quite low; thus, the contribution of
this pathway to the duration of NF-kB acti-
vation needs to be evaluated in specific situ-
ations. It is also likely that this mechanism
applies to only a subset of promoters, such as
those in which independently recruited p300/
CBP is available to acetylate Rel proteins after
cell stimulation. In our view, acetylation may
provide protection to a subset of NF-kB-depen-
dent promoters from rapid shut down by de
novo synthesized IkBs.

Finally, NF-kB proteins themselves can
contribute to their differential dwell time in
the nucleus. RelA contains an NES in its
carboxy-terminal domain, whereas c-Rel does
not (Tam et al. 2001; Harhaj and Sun 1999).
Therefore, different NF-kB homo- and hetero-
dimers vary in their propensity to be nuclear.
Specifically, RelA homodimers carry two NESs
even in the absence of associated IkBa that
can lead to their export from the nucleus. In
contrast, c-Rel homodimers have no NESs and
therefore require help to be exported from the
nucleus. Although the RelA NES can mediate
its export from the nucleus, IkBa and 1 help
reduce nuclear re-entryof RelA containing com-
plexes by partially obscuring the nuclear locali-
zation signal. However, IkBa association does
not completely prevent nuclear entry of NF-
kB complexes; consequently, IkBa-associated
complexes shuttle between the nucleus and
the cytosol (Tam et al. 2000). The preponder-
ance of IkBa-associated complexes in the
cytosol in biochemical or immunohistochem-
ical analyses therefore reflects a “snapshot” of
a dynamic state in which the rate of export
greatly exceeds the rate of import of these com-
plexes. In this view, the NF-kB complexes vary
in their nuclear propensity in approximate pro-
portion to the number and strength of NLSs
and NESs.

Nuclear Degradation of RelA

Transient NF-kB-dependent gene expression
even in the absence of IkBa first suggested
that other mechanisms may contribute to the
duration of nuclear NF-kB (Saccani et al.
2004). Natoli and colleagues showed that a

proportion of RelA in cells is degraded by the
proteasome while bound to gene promoters.
Since then, the combined effort of several
laboratories has shown that ubiquitination is
mediated by a SOCS1-containing E3 ligase
complex in conjunction with COMMD1, a ubiq-
uitously expressed negative regulator of NF-kB
(Maine et al. 2007; Mao et al. 2009). Another
E3 ligase, PDLIM2, has also been shown to
ubiquitinate and target RelA to PML bodies
where it is degraded by the proteasome (Tanaka
et al. 2007). The relative contribution of each
pathway for targeting RelA degradation may
vary according to cell type and stimulus.

Recently, methylation of lysines 314 and 315
in RelA by the methyl transferase Set 7/9 has
been implicated in marking promoter-bound
RelA for degradation. Yang et al. (2009) found
that knockdown of Set 7/9 in the U206 cell
line resulted in higher levels of IL-6 and IL-8
gene expression in response to TNFa; in con-
trast, expression of a different NF-kB target
gene, A20, was unaffected. Using chromatin
immunoprecipitation, they located Set 7/9 at
the IL-8 promoter in unactivated cells, but not
at the A20 promoter regardless of the state of
cell activation. This led to the hypothesis that
prebound Set 7/9 at certain promoters is one
mechanism by which promoters are marked
for down-regulation by RelA degradation. At
present, it is not clear why certain promoters
are cleared in this manner, or whether this
mechanism varies depending on the cell type
or stimulus.

Degradation of nuclear RelA has also been
proposed to be the basis for extended NF-kB-
dependent gene expression in macrophages
that lack IKK1 (Lawrence et al. 2005). In this
case, Karin and colleagues showed that pho-
sphorylation of nuclear RelA was reduced,
as was proteasome-mediated nuclear degra-
dation (Vallabhapurapu and Karin 2009). The
generality of these observations to other cell
types, or to other NF-kB-inducing stimuli
in macrophages, remains to be determined.
Taken together, these observations indicate
that multiple mechanisms ensure that the
duration of the NF-kB response is strictly
regulated.
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Secondary Stimulation Controls NF-kB
Duration

Bacterial LPS is a well known inducer of canoni-
cal NF-kB via activation of Toll-like receptor 4
(TLR4). Typically, LPS induces long-lasting nu-
clear NF-kB compared with induction by TNFa
or IL-1. The basis for this in mouse embryo
fibroblasts (MEFs) appears to be that LPS treat-
ment induces production of endogenous
TNFa, which acts in an autocrine fashion to
maintain long-term nuclear NF-kB activity.
Werner et al. (2005) found that long-term IKK
activation and nuclear NF-kB expression was
significantly reduced in TNFa-deficient MEFs.
Concomitantly, transcription of a subset of
late-activated NF-kB-dependent genes, such as
IL-12b and IL-1a and b, was also attenuated in
these cells.

De Novo c-Rel Synthesis as a Means of
Prolonging the NF-kB Response

Despite nuclear degradation of RelA after an
activating stimulus, the level of RelA protein
for the most part does not vary significantly in
activated cells. Presumably, this is because the
bulk of induced protein is not targeted for nu-
clear degradation. The small decrease in RelA is
likely made up by constitutive protein synthesis
from pre-existing RelA mRNA. Thus, post-
translational mechanisms account for most of
RelA dynamics in response to cellular activa-
tion. However, this is not the case for c-Rel. In
T lymphocytes activated via the T-cell receptor
(or its pharmacologic analog phorbol ester
plus calcium ionophore), c-Rel gene transcrip-
tion is induced, leading to de novo synthesis of
c-Rel protein (Venkataraman et al. 1996). This
newly synthesized c-Rel accumulates in the
nucleus with delayed kinetics compared with
post-translationally induced NF-kB via the
canonical pathway. This is likely to be the basis
for early observations in Jurkat T cells, that
“late” NF-kB DNA binding activity consisted
of c-Rel containing complexes. The immu-
nosuppressive drugs cyclosporin A (CsA) and
FK506 inhibit inducible c-Rel gene transcrip-
tion, which has been proposed to be mediated
by the transcription factor NFAT (Grumont

et al. 2004). Because this kind of c-Rel expression
is controlled at the level of transcription, it does
not occur with all forms of NF-kB-inducting
stimuli. Notably, TNFa, IL-1, or LPS treatment,
which do not induce long-term calcium mobil-
ization, do not induce de novo c-Rel synthesis.
Therefore, the nature of the signal determines
when cells adopt this mode of “long-term” NF-
kB (specifically, c-Rel) activation.

These observations have been extended to
B lymphocytes activated via the B-cell antigen
receptor (BCR). Surface immunoglobulin cross-
linking induces two waves of nuclear NF-kB
activity (B. Damdinsuren and R. Sen, unpubl.
data). The first phase consists of both RelA and
c-Rel and is mediated via the canonical post-
translational pathway. This phase is transient,
lasting between 4 and 6 hours, and coincides
with reduced cellular IkB levels. It is followed
by a slower second phase, composed mainly of
c-Rel protein that is mediated by de novo c-Rel
transcription and translation. As found in T
cells, this long-term c-Rel induction is sup-
pressed by CsA. Gene expression analyses in
BCR-activated B lymphocytes indicate that
phase I NF-kB induces auto-regulatory genes
such as NFKBIZ and NFKBIE, and genes impor-
tant for G1 progression such as c-myc. Phase II
c-Rel is essential for cell survival and entry into
S phase of the cell cycle. These observations
show that early and late NF-kB induces distinct
sets of genes and emphasize the importance of
the duration of NF-kB activation as a key deter-
minant of cellular responses.

PATTERNS OF NF-kB-DEPENDENT GENE
EXPRESSION

In the preceding sections, we summarized mech-
anisms by which NF-kB target genes can be
selectively regulated by different NF-kB family
members and dimeric species, and by variations
in the duration of classical NF-kB activation.
Here, we briefly consider the impact of lineage-
specific and stimulus-specific marking of target
genes on the selectivity of an NF-kB response,
and we further discuss the kinetics of NF-kB-
dependent gene expression. A recurring theme
is the central role played by the specific
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architecture of the control regions for each
NF-kB target gene in defining the combination
of inducible transcription factors required for
gene activation, and in orchestrating changes
in chromatin structure that modulate suscepti-
bility to activation.

Lineage-specific Marking

The interleukin 2 (Il2) gene serves as a good
example to explore the mechanisms that dis-
tinguish which NF-kB-dependent genes will
be induced in specific cell types in response to
NF-kB-inducing signals. Il2 is a T lymphocyte-
specific gene that is activated in response to
antigen receptor (CD3) plus costimulatory
(CD28) signals. Its promoter has been exten-
sively studied and contains functionally impor-
tant binding sites for inducible transcription
factors NF-kB, NF-AT and AP-1. The most
important NF-kB binding site comprises the
so-called CD28 response element (CD28RE)
that is essential for high level gene induction
(Himes et al. 1996; Shapiro et al. 1997; Rao
et al. 2003). Two properties determine impor-
tance of the CD28RE. First, CD28 cross-linking,
via its ability to activate the PI3 kinase pathway
in T cells, leads to efficient IKK2 activation
(Park et al. 2009). Consequently, IkB proteins
are phosphorylated and degraded, releasing
IkB-bound NF-kB protein to translocate to
the nucleus. Second, the CD28RE preferentially
binds c-Rel containing NF-kB proteins; there-
fore, CD28 costimulation is largely ineffective
in c-Rel-deficient T cells. Because most of
the cytoplasmic c-Rel in naı̈ve CD4 T cells is
bound to IkBb (Banerjee et al. 2005), efficient
CD28-dependent degradation of IkBb is essen-
tial for c-Rel translocation to the nucleus to
activate IL-2 gene transcription.

Although TCR signals are sufficient to in-
duce NFAT and AP-1, the requirement for
CD28 indicates that c-Rel is essential for promo-
ter activation, particularly in naı̈ve CD4þ T
cells. However, these three transcription factors
are also induced in BCR-activated B cells. Yet,
Il2 gene transcription is T-cell specific. These
observations emphasize that tissue-specific
NF-kB target genes must be preselected during

differentiation to respond to NF-kB inducing
stimuli. This preselection is likely to consist of
the changes in chromatin structure during
T-cell differentiation that confer susceptibility
to activation on TCR engagement. These devel-
opmental changes in chromatin structure and
the mechanisms by which they are regulated
remain poorly understood for the Il2 gene and
other NF-kB target genes. However, in simplis-
tic terms, because different loci become sus-
ceptible to NF-kB activation in different cell
lineages, the determinants of susceptibility must
consist of specific DNA motifs within each lo-
cus that bind developmentally regulated tran-
scription factors capable of catalyzing changes
in chromatin structure and susceptibility to
activation.

It is important to add that the combinato-
rial activation of the Il2 gene by multiple induc-
ible transcription factors illustrates that stimuli
that induce only a subset of these proteins will
not be sufficient to activate the Il2 gene in T
cells. For example, TNFa stimulation of T cells
activates NF-kB, but not NFAT; consequently,
TNFa does not activate Il2 gene transcription.

Stimulus-specific Marking

In addition to lineage-specific marking (such as
Il2 in T vs. B cells), genes can also be marked for
stimulus-specific gene expression. One of the
best examples of this kind of marking comes
from the work of Natoli and colleagues (Sac-
cani et al. 2002). They showed that certain NF-
kB-dependent promoters, such as Il6, Il12b,
and MCP-1, were marked by p38-MAP kinase-
dependent phosphorylation of histone H3 in
human dendritic cells treated with LPS. Phar-
macologic inhibition of p38 MAP kinase re-
duced H3S10 phosphorylation, and delayed
transcription activation of these genes, despite
normal NF-kB induction. Not all NF-kB-de-
pendent inducible genes in these cells were
marked in this way, suggesting multiple regula-
tory mechanisms in play. Importantly, TNFa
treatment induced NF-kB but not p38 in
these cells, resulting in reduced expression of
p38-marked NF-kB-dependent genes without
affecting other NF-kB-dependent inducible
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transcription. How p38-dependent H3S10 phos-
phorylation helps to selectively confer NF-kB
responsiveness at certain promoters remains
to be clarified; nor is it clear how certain genes
come to be marked in this fashion.

Stimulus-specific activation can also be re-
gulated by the remodeling of promoter-encom-
passing nucleosomes catalyzed by stimulus-
specific transcription factors. Many rapidly
induced NF-kB target genes can be activated
without a requirement for nucleosome remo-
deling by ATP-dependent nucleosome remo-
deling complexes of the SWI/SNF family
(Ramirez-Carrozzi et al. 2006, 2009). These
genes usually contain CpG-island promo-
ters, which may be directly responsible for
remodeling-independent activation through
their intrinsic assembly into unstable nucleo-
somes (Ramirez-Carrozzi et al. 2009). Impor-
tantly, remodeling-independent activation is
generally associated with genes known to be
activated by a broad and diverse range of
stimuli. In contrast, remodeling-dependent acti-
vation is generallyobserved at genes that are acti-
vated more selectively. These genes contain
non-CpG-island promoters that assemble into
stable nucleosomes, leading to a requirement
for nucleosome remodeling by SWI/SNF com-
plexes. In response to LPS stimulation of macro-
phages via TLR4, forexample, genes that depend
on both NF-kB and IRF3 for activation almost
always require nucleosome remodeling. IRF3
is essential for nucleosome remodeling, there-
by restricting activation of these genes to
stimuli capable of inducing IRF3 in addition to
NF-kB.

In this stimulus specificity example, as in the
lineage-specific regulation of Il2 transcription,
promoter architecture plays a central role in
selective regulation. In this case, the presence
or absence of a CpG-island largely dictates
whether activation will be remodeling-inde-
pendent or remodeling-dependent. Then, for
remodeling-dependent genes, the presence of
DNA recognition motifs for specific transcrip-
tion factors capable of promoting the recruit-
ment of nucleosome remodeling complexes
dictates which NF-kB-inducing stimuli will be
capable of inducing gene transcription.

Kinetics of NF-kB-dependent Gene
Expression

Appropriate expression of NF-kB-dependent
genes can be broadly categorized in terms of
three parameters: (a) the rate of gene induction,
(b) the duration of functional promoter-bound
complexes, and (c) the rate of mRNA degra-
dation. A rapidly induced gene will generate
mRNA quickly but accumulation of mRNA
will depend on its stability and the rate of con-
tinued RNA synthesis. Conversely, a gene may
be induced slowly, but its expression level may
be maintained by stability of the promoter com-
plex and the mRNA that is generated. We shall
briefly consider what is known about each of
these parameters.

Rate of Gene Induction

Promoter architecture is the key determinant of
the rate of transcription induction by induced
NF-kB. For example, the promoter of the
well-accepted NF-kB target gene IkBa contains
6 NF-kB binding sites located relatively close
to the transcription start site (Rupec et al.
1999). To date, no other inducible factors
have been implicated in IkBa transcription.
Simplistically, we can therefore consider the
IkBa promoter to be activated purely based
on the presence or absence of NF-kB in the
nucleus. This is consistent with the biology of
IkBa, which is induced in response to all
NF-kB-inducing stimuli, and in all cell types
examined, to initiate feedback inhibition of
NF-kB activity. In contrast, most other NF-kB-
inducible genes are subject to more complex
regulation, such as lineage- and/or stimulus-
specificity discussed previously.

Therefore, most NF-kB-inducible promoters
are more complex. This complexity may be re-
flected in the number of NF-kB binding sites
present, their disposition relative to each other
as well as the transcription initiation site, and
most importantly in the requirement for other
constitutive, or inducible, transcription factors
to coordinate with inducible NF-kB to activate
gene expression. These variables unfortunately
have not been systematically investigated in
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enough genes to draw general conclusions.
Nevertheless, it is easy to see how a promoter
that requires a “late” inducible factor plus
NF-kB could be activated later than a promoter
that requires only NF-kB, or NF-kB plus a con-
stitutively present transcription factor. Finally,
some NF-kB-inducible genes may be regulated
by distal NF-kB-dependent transcriptional en-
hancers, such as the immunoglobulin k light
chain gene.

Duration of Gene Transcription

The duration of gene transcription will also
be determined by the duration of a functional
promoter complex. As described previously,
transient presence of NF-kB components in
the nucleus is one way in which the complex
can be disrupted. Mechanistically, this can
occur by IkBa or IkB1 proteins migrating into
the nucleus and actively disrupting promoter
complexes by removing DNA-bound NF-kB.
Alternately, IkBa proteins may only remove
predissociated NF-kB. It is very likely that the
nature of the promoter complex determines
the pathway for NF-kB eviction and thereby
the effectiveness of transcription termination.
For example, NF-kB interactions with its nearest
neighbors, which will vary from promoter to
promoter, may determine the stability of the
promoter complex to IkB-mediated disruption.
Thereby, newly synthesized IkBs will disrupt
some promoters earlier than others. Another
way to destabilize promoters could be based
on the nuclear half-lives of other inducible tran-
scription factors, or their post-translational
modifications.

NF-kB-dependent transcription may also
be terminated by replacing transcriptionally
active NF-kB proteins by transcriptionally
inactive ones. In particular, p50 homodimers
have been proposed to repress transcription,
because they lack transcription activation do-
mains. Additionally, DNA-bound p50 homo-
dimers have been shown to recruit histone
deacetylases to promoters to epigenetically in-
activate transcriptionally permissive chromatin
state (Zhong et al. 2002; Williams et al. 2006).
Because the NF-kB1 gene, which encodes the

p105 precursor to p50, is thought to be an
NF-kB target gene, this route of gene suppres-
sion is yet another form of feedback inhibition
mediated by induced NF-kB.

Post-transcriptional Regulation of NF-kB
Target Genes

The variety of ways by which NF-kB is down-
regulated from the nucleus indicates that
long-term NF-kB activation is detrimental. To
effectively terminate NF-kB-dependent gene
expression, however, post-transcriptional regu-
latory mechanisms are also in place. For ex-
ample, if NF-kB target gene mRNA persists
significantly after termination of transcription,
the effect of NF-kB down-regulation will not
be obvious. Similarly, NF-kB transcription
factor down-regulation will have little impact
if proteins expressed from NF-kB target genes
remain functionally active in cells. One of the
earliest characterized examples of the functional
consequences of dysregulating NF-kB target
genes at the post-transcriptional level is that of
TNFa. The 30 untranslated region of the TNFa
mRNA contains AU-rich elements (AREs) that
determine mRNA stability and translational
control (Kontoyiannis et al. 1999; Hitti et al.
2006). Germline deletion of the ARE results in
increased TNFa production and development
of chronic inflammatory pathologies (Konto-
yiannis et al. 1999).

Recently, Hao and Baltimore reported the
first systematic analysis of the role of mRNA
stability in regulating NF-kB-dependent gene
expression (Hao and Baltimore 2009). They
found that the expression patterns of TNFa-
inducible genes could be grouped on the basis
of mRNA stability. Specifically, mRNAs that
were rapidly induced and rapidly down-regulated
had short half-lives (t1/2), mRNAs that were
rapidly induced and then maintained had inter-
mediate t1/2, and those that were induced gradu-
ally over the time course of their studies had long
t1/2. The t1/2s were determined by the 30 UTRs
of these genes, with shorter t1/2 correlating
with higher numbers of AREs within the 30

UTR. Interestingly, genes within each category
were functionally related with regard to their
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roles during inflammation. Thus, post-trans-
criptional mechanisms constitute a critical com-
ponent of NF-kB-dependent responses.

CONCLUDING REMARKS

NF-kB dimers can be induced in virtually all
cell types by a remarkably broad range of
stimuli, yet the set of target genes induced in a
cell type by a given stimulus is highly variable.
Much of this selectivity can be attributed to
differences in the set of signaling pathways
induced by each stimulus, which lead to the
induction of multiple transcription factors that
act in concert with NF-kB dimers through com-
binatorial mechanisms to activate specific target
genes. Although considerable effort has been
devoted to the elucidation of signaling pathways,
and associated transcription factors, induced by
NF-kB inducing stimuli, there exists a consider-
able gap in our mechanistic understanding of
how these factors cooperate with NF-kB to coor-
dinate cellular responses. Given the growing
importance of NF-kB dysregulation in human
disease, it is likely that such combinatorial speci-
ficities will provide additional targets for thera-
peutic intervention.

In this article, we attempted to minimize
documenting the considerable advances that
have been made in NF-kB-dependent transcrip-
tional control. Instead, we highlight a subset of
regulatory strategies that reveal important goals
for the future. Amongst these are the elabor-
ation of different functions of closely related
NF-kB family members as homo- or heterodi-
meric species, and the mechanism by which
NF-kB complexes work with other transcrip-
tion factors to activate transcription. Similarly,
although the duration of NF-kB response is
now known to be tightly regulated and contrib-
utes to selective gene activation, much remains
to be learned about the coordination between
various levels of regulation that impact NF-
kB-dependent transcription. Additionally, it is
likely that NF-kB regulation itself, as well as
its transcriptional cross talk with other factors,
will vary considerably between tissue types.
Further studies in this area will be particu-
larly interesting. Finally, the control regions

associated with each NF-kB target gene must,
by necessity, contain all of the information
required to regulate cell type and stimulus-
specific activation, yet we lack a complete under-
standing of how genes are selected to become
NF-kB responsive. The availability of complete
genome sequences and of an increasing re-
pertoire of molecular and bioinformatic tech-
niques for analyzing mechanisms of selective
gene transcription will undoubtedly lead to
rapid progress.
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